Abstract. The binary-encounter-Bethe(BEB) model for calculating electron-impact ionization cross sections for molecules is described with emphasis on polyatomic molecules and their radicals and ions. The BEB model provides an analytic formula for the cross section. The formula is for each molecular orbital, and requires only three numbers from the initial state of the target molecule: the electron occupation number, the orbital binding energy, and the orbital kinetic energy. The sum of the orbital cross sections provides the molecular cross section. The BEB model produces reliable ionization cross sections from the threshold to several keV in incident electron energy for neutral molecules and ions. The BEB cross sections for some fluorine-containing radicals are almost a factor of two larger than available experimental values. Molecular constants are included to generate BEB cross sections for H 2 , C 2 F 6 , H 2 + , CH 3 , CF X , BF X , BC1 X for x=l-3, and several unsaturted molecules relevant to hydrocarbon combustion.
INTRODUCTION
Electron-impact ionization cross sections of atoms and molecules are important not only for the development of basic collision theory, but also in a wide range of practical applications. For instance, the modeling of semiconductor manufacturing by plasma processing requires ionization cross sections of fluorocarbons used as the feed gas, their ions and fragments. Hydrocarbon molecules, such as methane, are found in the vicinity of divertors in a fusion device, making it necessary to include ionization of such molecules to model low-temperature plasmas in tokamaks. lonization cross sections near the ionization threshold are also used in modeling combustion of flammable gases. In this article, we describe a simple, effective theory-the binaryencounter-Bethe (BEB) model-to calculate electron-impact ionization cross sections for large and small molecules, including their fragments and ions.
The BEB model combines a modified form of the Mott cross section and the dipoleinteraction term of the plane-wave Born approximation. The original Mott cross section [1] is for the collision of two free electrons. This formula must be modified to include the binding energy B, so that the cross section does not diverge, as the original Mott cross section does, for the ejection of an electron with a very low kinetic energy W. Using the plane-wave Born approximation, Bethe has shown [2] that the leading term of the Born cross section at high incident electron energy T represents the dipole interaction between the incident and the target electrons. The dipole interaction is characteristic of a bound electron, and the Mott cross section lacks this feature.
Since the Mott cross section is derived using a Coulomb function for the incident electron while the Born approximation uses a plane wave, these two theories cannot be simply added. In the past, many attempts were made to combine the Mott and Born cross sections mostly by introducing empirical parameters. Kim and Rudd [3] have succeeded in combining the two types of cross sections without introducing any adjustable or empirical parameters. They required that both the combined ionization cross section and the matching stopping cross section (integral of energy transfer times ionization cross section) satisfy the correct asymptotic (high T) forms derived by Bethe [2, 4] .
Kim and Rudd [3] combined differential ionization cross sections, which used continuum dipole oscillator strength/^ with energy transfer E. In principle/^ can be deduced from photoionization cross sections. What is required in their theory, however, is f(E) for each molecular orbital, not just the total photoionization cross section. Often details off(E) for each orbital are available only for simple molecules such as H 2 When the weighted integral off(E) shown in Eq. (2) is known, we get a simple expression for the integrated cross section-i.e., integrated over the secondary electron energies W-which we refer to as the BEQ cross section:
where, S=4iiaQ 2 N(R/By, a Q is the Bohr radius, R is the Rydberg energy, TV is the electron occupation number, t = T/B, u = U/B, and U is the orbital kinetic energy.
WhznffE) is unknown, we can approximate 2=1, and obtain the BEB equation:
The first logarithmic term in Eq. (3) represents the dipole interaction from the Born approximation, l-l/t originates from the direct and exchange collision terms in the Mott cross section, and the last logarithmic term stands for the interference between the direct and exchange collision terms. Unlike conventional collision theories, the BEB model does not explicitly use the final state of the target. The only quantity linked to the final state of the ion is the binding energy B. As in the case of photoionization, vertical ionization energy should be used for B.
The BEB cross section is sensitive to the ionization energies for outer valence orbitals, while inner shell binding energies need not be very accurate. For the examples shown in this article, the binding energies for inner-shell orbitals were approximated by the orbital energies from restricted Hartree-Fock or equivalent molecular wave functions, while experimental values or results from correlated wave functions were used for outer valence orbitals.
In Sec. 2 we compare BEB cross sections to experimental data for neutral molecules, molecular ions, and radicals to demonstrate the utility of the BEB model. Computational details for the molecular wave functions are described in Sec. 3, our conclusion is presented in Sec. 4, and molecular constants to generate BEQ/BEB cross sections for a number of molecules are listed in Table 1 .
COMPARISONS TO EXPERIMENTS
In this section, we present comparisons of the BEB cross sections to available experimental data. In general the total ionization cross section is measured by two different methods: (a) measure the total ion current, or (b) measure partial cross sections for fragment ions and then the partial cross sections are summed to deduce the total ionization cross section. Method (a) produces the gross total ionization cross section, in which multiply charged ions are weighted by their net charge n:
where a n+ is the cross section for producing an w-times charged ion. On the other hand, method (b) leads to the counting total ionization cross section:
A straightforward sum of BEB orbital cross sections corresponds to the counting total ionization cross section. To emulate the gross ionization cross section, we must multiply BEB orbital cross sections for some inner shells by appropriate net charge n. For instance, a hole created by ionizing an inner orbital whose binding energy is larger than the energy needed to produce a doubly charged ion will decay by the Auger process. A hole in a very deep inner shell may even lead to the production of triply and quadruply charged ions. Such a highly charged molecular ion, however, is unstable and eventually breaks up into singly charged fragments. Besides, the cross sections for such deep inner-shell orbitals are insignificant compared to the large ionization cross sections of valence orbitals. Hence, we found that it is sufficient in most cases to account only for the production of doubly charged ions for comparison to experimental gross ionization cross sections. Whether a doubly charged molecular ion breaks up into two singly charged fragments or not, we found that doubling the cross sections for orbitals, whose binding energies are in the range of about 30 to 200 eV and exceed the double ionization energy, led to reliable gross ionization cross sections.
The gross ionization cross section deduced from the method (b) by multiplying partial cross sections by n before summing them does not necessarily agree with the gross ionization cross section from the method (a) because some a n+ are too small to be measured.
Comparisons for Neutral Molecules
In Fig. 1 , we compare the BEQ cross section for H 2 to other theories and available experimental data. The triangles marked DM in Fig. 1 represent the semiempirical theory by Deutsch et al. [5] , which is based on a modified form of Gryzinski's classical theory [6] and commonly referred to as the DM formalism. (1); circles, experimental data by Rapp and Englander-Golden [7] ; squares, data by Straub et al. [8] ; triangles, semiempirical theory by Deutsch et al. [5] .
The BEQ cross section in Fig. 1 is in excellent agreement with the benchmark experiments by Rapp and Englander-Golden [7] (with total uncertainties of ±4%) and by Straub et al. [8] (with total uncertainties of ±3.5%). We recommend use of the BEQ cross section as the normalization standard for the total ionization cross section of H 2 . The recommended cross section should be reliable to ±5%. The molecular constants for H 2 along with those for other molecules are listed in Table 1 .
Large molecules with many bound electrons tend to have many valence orbitals with low ionization energies. For such molecules, the orbital binding energies B are sensitive to the quality of the molecular wave function, though the orbital kinetic energy U=(p 2 /2m) with the usual notation are not because it is an expectation value of a one-electron operator. As an example, we compare in Fig. 2 available experimental and semiempirical cross sections for C 2 F 6 to the BEB cross sections calculated from a restricted Hartree-Fock (RHF) wave function and from correlated, complete-activespace (CAS) wave functions.
The solid curve in Fig. 2 includes theoretical estimates for double ionization. The correlated wave functions lead to lower ionization energies for valence orbitals, which in turn produce higher orbital cross sections. The effect of electron correlation can be as much as 20% [9] for large molecules. The semiempirical DM formalism tends to produce low cross sections at high T because the classical theory, upon which the DM cross sections are based, lacks the dipole interaction which is dominant at high T. The molecular constants for the BEB cross section of C 2 F 6 are listed in Table 1 .
Electron-impact total ionization cross section of C 2 F 6 . Solid curve, BEB a^^ from correlated wave functions; long-dashed curve, BEB a count from correlated wave functions; short-dashed curve, BEB cr count from an uncorrelated wave function; filled circles, experimental cr^s by Nishimura et al. [9] ; filled squares, experimental a^^ by Beran and Kevan [10] ; open diamonds, experimental 0^b y Poll and Meichsner [11] ; open triangles, a gross by Kurepa [12] ; open circles, a gross adopted by Christophorou and Olthoff [13] ; filled triangle, semiempirical DM formalism [5] .
Hwang et al. [14] reported that known experimental cross sections for valence orbitals with n > 3 and primarily atomic character-as indicated by a Mulliken population of 85% or higher-are reproduced well when u in the denominators of Eqs.
(1) and (3) is reduced. Currently, we recommend replacing u+l by (u+l)/nfor n>3.
For molecules containing very heavy elements, such as WF 6 , orbital data from relativistic wave functions are desirable. Although computer codes to calculate relativistic wave functions for atoms are readily available, relativistic wave functions for polyatomic molecules are scarce and time consuming to calculate. Instead, one can use molecular orbital data obtained from an effective core potential as is commonly done. The use of an effective core potential has another advantage: for atomic orbitals with high principal quantum numbers «, the orbital kinetic energies remain low because inner radial function nodes have been eliminated in such a calculation [15] .
In Fig. 3 , we compare the BEB a^^ calculated using a relativistic effective core potential for WF 6 with recent experimental and semiempirical cross sections. This is one area where we need more experimental data to assess the validity of the BEB model for molecules containing heavy atoms.
Heavy atoms have many inner-shell orbitals with n > 3. Except for the outermost valence orbitals, Kim et al. [16] found an alternative to dividing u+l by w, i.e., take a simple average of Eq. (3) and the same equation with the denominator t+u+l replaced by t,°B 6 . Solid curve, BEB a count calculated from an effective core potential plus core cross sections calculated from atomic core wave functions for W; dashed curve, same as the solid curve minus the contribution from the W core; circles, experimental data by Basner et al. [17] ; squares, semiempirical additivity-rule cross section by Deutsch et al. [18] ; triangles, semiempirical DM formalism by Deutsch et al. [5] .
Comparison for Molecular Ions
Unlike atomic ions, molecular ions with a net charge of 2 or higher are unstable, and hence we need to adapt the BEB model only to singly-charged molecular ions. Kim and Rudd [3] noted that u+l had to be reduced for atomic ions because the correlation between the incident electron and a target ion is different than a neutral target. For singly-charged ions, we recommend replacing u+l in Eqs.
(1) and (3) by (u+l)/2. For molecular ions containing heavy atoms, we do not have any experimental data to compare. Judging from our limited experience with heavy atomic ions, we suggest using a BEBav defined by Eq. (4) for the core orbitals (n > 3) of heavy atoms in molecules.
We compare in Fig. 4 the experimental data by Peart and Bolder [19] for H 2 + to the BEQ and BEB cross sections using (u+l)/2. Comparisons of the BEB cross sections to experimental data for N 2 + and CD + also show good agreement [20] . Since a simple dissociation of a molecular ion without ionizing any electron still produces an ion, the determination of experimental data for the ionization of a molecular ion is much more difficult than that for the ionization of a neutral molecule. 
Comparisons for Radicals
The BEB model treats a neutral radical or fragment the same as a neutral, stable molecule, i.e., Eqs. (1) or (3) are used. Radicals often have open-shell configurations, and one must be careful in generating molecular data for such a system. Also, experimental data on radicals are rare and often unreliable because of the difficulty in making enough target molecules.
In Fig. 5 , we compare the BEB cross section for CD 3 to available experimental and semiempirical data. Although experiments used CD 3 [21, 22] , the BEB cross section is for CH 3 because the theory does not distinguish isotopes. We found that the BEB cross sections on other hydrocarbon radicals are in excellent agreement with available experiments [14, 23] .
In contrast, we find nearly a factor of two disagreement between the BEB cross sections and experimental data on fluorine containing molecules, such as CF X , and NF X . We compare in Fig. 6 the BEB cross section and experimental data by Becker [24] and by Tarnovsky et al. [25] for CF 3 . The experimental data in Figs. 5 and 6 were taken by the same group using the same apparatus. At present, we do not understand the large discrepancy in Fig. 6 , except for the possibility that the resulting ions of CF 3 dissociate in such a way as to escape detection by the apparatus used. The dashed curve in Fig. 6 
DETAILS OF MOLECULAR CALCULATIONS
Different ab initio methods yield different values for molecular properties. In particular, orbital binding energies (B) depend upon the theoretical method employed. Thus, the details of the molecular orbital calculations affect the final predictions for ionization cross sections. In general, more thorough calculations include more electron correlation, which reduces values of B and increases the predicted cross sections.
Binding and kinetic energies are insensitive to molecular geometry. We generally use geometries that are calculated using the nonlocal B3LYP density functional (a parameterized exchange functional [26] and a fitted correlation functional [27] ) in combination with the 6-31G(d) basis of atom-centered Gaussian functions [28] .
Since the final cross sections are especially sensitive to the value of the lowest binding energy, we use either experimental vertical ionization energies, typically from photoelectron spectra, or theoretical values computed using the CCSD(T) method (coupled-cluster theory including the single-and double-excitation operators [29] and a perturbative estimate of connected triples [30] ) combined with the polarized, valencetriple-zeta basis designated cc-pVTZ [31, 32] . We expect these CCSD(T) binding energies to be reliable to about 0.1 eV or better.
Binding energies for the other valence orbitals are computed either using the outervalence Green's function (OVGF) method [33, 34] or the uncorrelated Hartree-Fock method (HF), both with the diffuse 6-311+G(d,p) basis as defined in the Gaussian 98 computer code [35] . Orbital kinetic energies are computed using HF theory and the 6-311G(d,p) basis as defined in the GAMESS program [36] .
Thresholds for double ionization should be the adiabatic values instead of the vertical values. Analogously to the vertical single ionization energies, double ionization thresholds were computed at the CCSD(T)/cc-pVTZ level using B3LYP/6-31G(d) geometries. In several cases, however, the doubly-charged ion is unbound, and we adopt the vertical double ionization energy instead. This is typically computed at the correlated OVGF/6-311G(d,p) level.
All single-reference, open-shell calculations are done using a spin-unrestricted (UHF) reference, which involves spatially distinct a and P orbitals (one electron per orbital). This can lead to very long tables of molecular orbital data. The cc/p orbital pairs may usually be averaged together with negligible effect on the computed cross sections. For conciseness, we have done this in preparing Table 1 , except where averaging caused more than about 1% change in the final cross sections.
CONCLUSIONS
We have presented comparisons of the BEB cross sections to available experimental and other theoretical data on small and large neutral molecules, molecular ions, and 2  2  2  2  2  2  2  4  4  2  2  2  2  2  2  2  2  2  2  2  1   2  2  2  2  2  2  2  4  4   2  2  2  2  2  2  2  2  2  2 2  2  2  2   2  2  2  2  2  4  4  2  2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2  2  2 2 2 2  2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2  2 2 radicals. Except for fluorine-containing radicals, we find good to excellent agreement. For H 2 , the BEQ cross section in Fig. 1 is accurate enough to serve as the normalization standard for experiments. Comparisons of the BEB model to a large collection of molecules and some atoms are available from a public NIST web site: http://physics.nist.gov/ionxsec. The orbital constants and tables of BEB cross sections can be downloaded from the web site in the ascii format.
Encouraged by the good agreement between the BEB model and the experimental data for hydrocarbon radicals, we have included in Table 1 molecular constants for many hydrocarbons of interest to combustion modeling. Moreover, to stimulate more experimental and theoretical work and to provide data for modeling plasma processing of semiconductors with fluorine-containing molecules, we also have included in Table 1 molecular constants to generate BEB cross sections for such molecules.
